Chaperl

Chapter 1 An Analysis of MIMO Techniques for
Mobile WIMAX Systems

Bertrand Muquet, SEQUANS Communications
Ezio Biglieri, Universitat Pompeu Fabra
Andrea Goldsmith, Wireless Systems Laboratory, fstdriJniversity
Hikmet Sari, SUPELEC and SEQUANS Communications

Multiple input multiple output (MIMO) techniques earan essential part of of the IEEE
802.16e - 2005 specifications, which form the badisnobile WIMAX systems. In this
chapter, we first discuss the basic tradeoffs betwdiversity, interference cancellation and
spatial multiplexing in MIMO systems, and we compapptimum combining (OC),
maximum-ratio combining (MRC) and interference adlation for different numbers of
receive antennas. Then, we focus on the two mand&tMO profiles in the IEEE
specifications (Alamouti's STC and the 2x2 spatmlltiplexing scheme) and compare them
when the first is combined with MRC at the receivEne simulations made using the ITU
pedestrian B channel indicates that Alamouti’'s Sperforms spatial multiplexing when
the two schemes are operated at the same spefticeEney. We next give signal-to-noise
ratio (SNR) thresholds for the operating regionglifferent modulation, coding and MIMO
schemes included in WiMAX system specifications.

1.1 Introduction

Mobile WIMAX systems are based on the IEEE 802.26@85 specifications [1] which
define a physical (PHY) layer and a medium accesgral (MAC) layer for mobile and
portable broadband wireless access systems oggratimicrowave frequencies below 6
GHz. The IEEE 802.16e-2005 specifications actudly§ine three different PHY layers:
Single-carrier transmission, orthogonal frequenisystbn multiplexing (OFDM), and
orthogonal frequency-division multiple access (OF®MThe multiple access technique
used in the first two of these PHY specificatiompure TDMA, but the third mode uses both
the time and frequency dimensions for resourcecation. From these 3 PHY technologies,
OFDMA [2] has been selected by the WiIMAX Forum las basic technology for portable
and mobile services. Compared to TDMA-based syst#rissknown that OFDMA leads to a
significant cell range extension on the uplink ffronobile stations to base station). This is
due to the fact that the transmit power of the rieogtiation is concentrated in a small portion
of the channel bandwidth and the signal-to-noisio réSNR) at the receiver input is
increased. Cell range extension is also achievabléhe downlink (from base station to
mobile stations) by allocating more power to cargups assigned to distant users. Another
interesting feature of OFDMA is that it eases tepldyment of networks with a frequency
reuse factor of 1, thus eliminating the need feqérency planning.

Since radio resources are scarce and data rat@aeguts keep increasing, spectral
efficiency is a stringent requirement in preserd &rture wireless communications systems.
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On the other hand, random fluctuations in the wiglchannel preclude the continuous use of
highly bandwidth-efficient modulation, and therefomdaptive modulation and coding
(AMC) has become a standard approach in recentigldeed wireless standards, including
WIMAX. The idea behind AMC is to dynamically addpe modulation and coding scheme
to the channel conditions to achieve the highessttsal efficiency at all times [3, Chapter 9].

An additional dimension to modulation and codinged at increasing spectral efficiency
(data rate normalized by the channel bandwidththés space dimension, i.e., the use of
multiple antennas at the transmitter and receivdore generally, multiple-antenna
techniques can be used to increase diversity arptowe the bit error rate (BER)
performance of wireless systems, increase theraetie, increase the transmitted data rate
through spatial multiplexing, and/or reduce integfeee from other users. The WiMAX
Forum has selected two different multiple antenrddilps for use on the downlink. One of
them is based on the space—time code (STC) profysAthmouti for transmit diversity [4],
and the other is a simple 2x2 spatial multiplexdageme. These profiles can also be used on
the uplink, but their implementation is only opt@bn

This paper discusses the use of multiple-antezetantques in mobile WiMAX systems.
We first present antenna array techniques, whighasily reduce interference and enhance
the useful signal power. Next, we give a generacdption of multi-input multi-output
(MIMO) systems, which can be used for different gmses including diversity, spatial
multiplexing and interference reduction. Then, veeus on the multi-antenna profiles
adopted for WiMAX systems, discuss their relativerits, and address the implementation
issues.

1.2 Multiple Antenna Systems

The performance improvement that results from tlse wf diversity in wireless
communications is well known and often exploited. éhannels affected by Rayleigh fading,
the BER is known to decrease proportionally to SNRhere SNR designates the signal-to-
noise ratio andl designates the systediversity obtained by transmitting the same symbol
throughd independently faded channels. Diversity is tradaily achieved by repeating the
transmitted symbols in time, in frequency or usingltiple antennas at the receiver. In the
latter case, théiversity gainis compounded to tharray gain,consisting of an increase in
average receive SNR due to the coherent combinafioeceived signals, which results in a
reduction of the average noise power even in therate of fading.

If, in addition to multiple receive antennas, oneludes multipletransmit antennas, a
MIMO system is obtained (see Fig. 1 for a genel@tlodiagram).
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Figure 1 General block diagram of MIMO systems

Here, the situation is more complex, with a gredieal of flexibility in the design and
potential advantages at the price of a larger systemplexity. In fact, in addition to array
gain and diversity gain, one can achieypatial multiplexing gainrealized by transmitting
independent information from the individual ante;mnand interference reductionThe
enormous values of the spatial multiplexing gaiteptally achieved by MIMO techniques
have had a major impact on the introduction of MIt0Ghnology in wireless systems.

A. Antenna Array Techniques

Multiple antennas at the transmitter and the reredan provide diversity gain as well as
increased data rates through space-time signalegsog. Alternatively, sectorization or
smart (adaptive) antenna array techniques can dx tosprovide directional antenna gain at
the transmitter or at the receiver. This directlitypecan increase the cell range, reduce
channel delay spread and flat-fading, and suppi#esference between users. Indeed,
interference typically arrives at the receiver fradifferent directions, and directional
antennas can exploit these differences to nulltienaate interference arriving from given
directions, thereby increasing system capacitylditipg the reflected multipath components
of the signal arriving at the receiver requires amalysis of multiplexing/diversity/
directionality tradeoff. Whether it is best to ube multiple antennas to increase data rates
through multiplexing, increase robustness to fadimgpugh diversity, or reduce channel
delay spread and interference through directignatita complex tradeoff decision that
depends on the overall system design as well ag@renvironment (urban, semi-urban,
rural).

The most common directive antennas are switchethttmrgohased (directional) antenna
arrays, as shown in Fig. 2. In these systems, terenultiple fixed antenna beams formed
by the array, and the system switches between tléfsgent beams to obtain the best
performance, i.e., the strongest signal-to-interiee-plus-noise-ratio (SINR) of the desired
signal. Switched-beam antenna arrays are design@dovide high gain across a range of
signal arrival angles, and can also be used t@seetthe directions that signals arrive from.
In particular, sectorization is commonly used aebstations to cut down on interference: If
different sectors are assigned different frequenaietime slots, then only those users within
the same sector interfere with each other, thereducing the average interference by a
factor equal to the number of sectors. For exanipke,360 angular range is divided into
three sectors to be covered by three®1@fttorized antennas, then the interference in each
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sector is reduced by a factor of 3 relative to amidirectional base station antenna. The
price paid for this reduced interference is thaéased complexity of sectorized antennas,
including the need to switch a user's beam as ivendbetween sectors. The benefits of
directionality that can be obtained with multiplatennas must be weighed against the
potential diversity or multiplexing benefits of thatennas.
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Figure 2 Switched-beam (sectorized) array

Adaptive (smart) antenna arrays typically use pthaseay techniques to provide
directional gain, which can be tightly controlledtiwa sufficient number of antenna
elements. Phased-array techniques work by adathtinghase of each antenna element in the
array, which changes the angular locations of thiermma beams (angles with large gain) and
nulls (angles with small gain), as shown in FigF8r an antenna array witlh antennasN
nulls can be formed to significantly reduce theereed power olN separate interferers. If
there areN, < N interferers, then thi, interferers can be cancelled out usfjgantennas in a
phased array, and the remainMg\, antennas can be used for diversity or multiplexjao.
Note that directional antennas must know the amdatation of the desired and interfering
signals to provide high or low gains in the appiater directions, and tracking of user
locations can be a significant impediment in highigbile systems.
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Figure 3 Smart antenna (phased array)
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The complexity of antenna array processing, aloith the size of a large antenna array,
make the use of smart antennas in small, lightweigtw-power handheld devices
challenging. However, base stations and accesdspaiready use antenna arrays in many
cases.

B. Performance Tradeoffs
An adaptive array withN antennas can provide the following performancesfien

a) A higher antenna gain for extended battery lifeteeded range, and higher
throughput

b) Multipath diversity gain for improved reliabilityncluding more robust operation
of services

c) Interference suppression
d) Reduced interference into other systems on trassonisand
e) Higher link capacity through the use of MIMO withadial multiplexing.

More specifically, an antenna array with transmit antennas and receiver antennas
provides an array gain (average SNR increasdy, ef N, and a diversity gain (BER slope
reduction) ofN\N,. Alternatively, in rich scattering it provides amngN;, N, ) multiplexing
gain (data rate increase) or it can null Biinterferers on the receive end. For example, a 4-
element antenna array can provide up to a 13 dB §&IR (7 dB array gain plus a 6 dB
diversity gain), or a four-fold increase in datderassuming four antennas at both the
transmitter and receiver, or a cancellation of aiphtee interfering signals. However, these
improvements cannot all be obtained simultaneo(sly., suppression dfi—1 interferers
and a diversity gain dfl, are mutually exclusive) —yet, each adaptive amag system can
optimize its performance in different combinatioas a) through e) depending on its
situation.

The performance tradeoffs between diversity andipteking for antenna arrays are well
known [3, 5], and recent developments in space-tiogues achieve the fundamental tradeoff
performance bounds. However, the tradeoff betwedearference cancellation (IC) and
diversity gain is not well understood. Recent witkhas explored this tradeoff to obtain the
best use of multiple receive antennas in fadingwbks with interference. This work obtains
closed-form expressions for the performance armlytidifferent antenna array processing
schemes based on the outage probability under nahxatio combining (MRC), optimum
combining (OC) [7], and interference cancellatitmotigh beam steering. Though OC is
known to be the optimum technique in the preseffigaterference, providing diversity and
interference cancellation simultaneously, its imp&tation complexity is high. Therefore, it
may be best to use combined MRC (to provide ditsgrsind IC (to suppress the strongest
interferers). The results in [6] show that IC yeeklgnificantly better performance than MRC
if the system is interference limited and the nurmdfedominant interferers is lower than the
number of receive antennas. When these conditiensat fulfilled, IC is better than MRC if
the output SINR is low; and MRC vyields better perfance otherwise. In fact, at the
extreme, optimal combining reduces to either MRCI@r When interference dominates
SINR degradation, OC reduces to IC, and when fadominates the SINR, OC reduces to
MRC to optimally mitigate fading.

A complete performance analysis of MRC and OC iMI systems with fading and
interference assuming multiple receive antennas andingle transmit antenna was
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undertaken in [8]. While the same techniques camud®d to analyze performance under
multiple transmit antennas, the mathematics becommes involved. The main idea behind
the analysis is to investigate the optimal weigbtsthe received signal at all antennas to
maximize SNR or SINR. The received signal vectoosg all antennas after weighting is
given by

r:HDwtbS+ZL:\/§hib, +n (1)
i=1

whereHp is the vector of receive antenna channel gainthfadesired signaly, is the vector
of weights at the transmittds; is the transmitted symbol of interestisithe symbol of théh
interfering signalh; is the gain of théth interfering signal, an®; is the power of théth
interference signal relative to the desired sighlé combiner output is then

y=w'r )

where W, are the antenna weights at the transmitter. In MBE, weightsw, yield the
maximum SNR ofy, and in OC the weights maximize the SINRyofor MRC the weights

are well-known to bew, =,/Q uandw, =H_u.

It can be shown [9] that the SINR of y assumingghts associated with MRC is given
by

QA
L
2.Qux +o*

i=1

= 3)

where) is the maximum eigenvalue of the matki' H , and thek; are exponential random

variables with unit mean. The SINR distributiongtdepends on the distribution’ofind the
power of the interferers.

In [8], a closed-form expression for the outagebphulity of y is obtained based on the

moment-generating function (MGF) of the sum of hhlerferersx=ZiQixi. Differentiating
this outage probability yields the distributionyofThis distribution is then used to obtain the
probability of bit error via an MGF analysis assngiany fading distribution on both the
desired signal and the interferers. For OC theivedesignal is given by

yr = WH Csbs + \/Fli WH Cibl (4)
i=1

wherec; is the fading on the symbb} of interestg; is the fading on the symbb] of theith
interferer, andP, is the weighted power of the interferers. Fromt[& optimal weights for
OC are given by the vector

w=gRc, (5)

whereg is an arbitrary constant arfd= ZiC.C.H is a Wishart distributed matrix, resulting

in SINR y = Pi‘lcs R‘lcs. The distribution of outage probability associatégth this SINR,
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conditioned on the fading values for the desired iaterfering signals, is shown in [9] to be
gamma-distributed. The unconditional distributienobtained in [7] via a MGF analysis,
similar to the case of MRC.

The third technique is interference cancellatiorodigh beam steering, where array
processing undeN antennas can ideally null olN-1 interferers. If we assume perfect
cancellation of the strongelst1 interferers, then performance analysis reducésding the
outage and bit error probabilities for the residliaN-1 interferers that remain after
cancellation. These distributions first require thider statistics for the strongest interferers,
which are obtained in [10]. The MGF for the receigignal and its corresponding pdf is then
obtained in closed form, from which outage proligbdan be obtained. More details can be
found in [7].

A performance comparison between OC, MRC, and IGhswn in Figure 4. These
numerical results are based on an interferencesdtied environment where noise is
negligible, and equal-power Rayleigh-fading intexfs. The figure shows the outage
probability as a function of SIR at each antenna{3, and 4 receive antennas. Note that as
expected, OC has the best performance, since @rgkéres both MRC and IC. We also see
that IC does worse than MRC except at low SIR, wheterference dominates performance
degradation and hence canceling interference iscoineect strategy. At high SIR values,
performance degradation due to multipath fadingseaumore degradation than interference
and hence MRC leads to better performance than IC.

—oc |

Sl = - MRe ]

1 ]

g 4 |
£
[v]
o}
o

& £
()
(o))
©
5

O - |

=] -
-20 -15 -10 -5 0 5 10 15 20

Normalized Average SIR (dB)

Figure 4 Performance comparison of optimum combining, maxmatio combining and interference
cancellation
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C. MIMO Systems

In this section, we discuss in more detail two fameéntal tradeoffs mentioned in the
previous section: The first one is between therditye gain and the multiplexing gain [11]-
[12], and the second one between performance amglesity. Focusing for simplicity on
2x2 MIMO systems, two limiting transmission schenages as follows. One could transmit
the same symbol, sayfrom the two transmit antennas. In this casestbeal traverses four
propagation paths, and, if these are affected tgpgandent fading, the diversity achieved is
4. On the other hand, since only one signal isstratbed per channel use, one has
multiplexing gainwith respect to single-antenna transmission. &f mdependent signals are
transmitted simultaneously, then each one of thexwetses two independent paths, thus
achieving diversity 2, but every channel use tratsstwo signals, thus achieving a two-fold
multiplexing gain. One may also look for an intediate situation, where multiplexing gain
and diversity gain are traded off: A conceptualipgle way of achieving this consists of
introducing a certain amount of correlation betw#densymbols transmitted over the MIMO
channel, which is achieved by coding across spacetime §pace—time codgsThese
codes can be generated by suitably combining gamtesc designed for single-antenna
schemes (e.g., turbo or LDPC codes), or by usithchoc designge.g., the Golden Code
(13)).

The second tradeoff —that between performance amiplexity— is crucial for the
receiver design. As optimum receivers are in géneng complex to implement, there is a
considerable amount of research activity devotetthéodesign of suboptimum receivers. To
motivate this point, consider a MIMO system withezual numbeN of receive and transmit

antennas, where we denote 8y, ..., S, the transmitted symbols, and IbM the fading

gain along the propagation path joining transmteanaj to receive antenna These fading
gains are organized in a square maHixand the transmitted symbols in a vectoihe
received vector can be expressed as

r = Hs+ noise (6)

and the receiver’'s goal consists of detectingNheansmitted signals. The simple device of
solving the above system of equations, wherelsythe unknown vector, albeit simple, may
not be (and in general is not) the best solutisrtha presence of noise degrades performance
wheneverH is an ill-conditioned matrix, i.e., a matrix whosargest to the smallest
eigenvalue ratio is large. Optimum (maximum-likeldld) detection of the transmitted signals

should operate by minimizing, with respecsfa. ., S, , the metric

N

N
2n -2 hysf ©)
i=1 =1

However, brute-force minimization of the above rieggi an exhaustive search among
the M" possible transmitted signal vectors, whtds the signal constellation size, i.e., the
number of values taken on by each component obvectFor a 64QAM constellation and
N=2, the number of signal pairs to be enumerateduatsato 64=4096, which may easily
exceed the processing capability of the receivenoAg the possible ways out of this
impassesphere detectioplays a central role: This consists of enumeratinly a subset of
possible signal pairs, after making sure that tipinmum pair is not excluded from
consideration [11], [12].
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A further cause of complexity in MIMO receivers cesnfrom the observation that
minimizing the above metric involves the knowledijehe N? fading gains (the elements of
H) appearing in it. This knowledge requires operetiof channel estimation.

The WIMAX standard includes some profiles in ortexploit the benefits of MIMO
in broadband wireless access systems. These greafild the main challenges related to their
implementation are described in the next section.

1.3 Multiple Antennasin WiMAX Systems
A. Transmit Diversity

One of the WIMAX system profiles is the simple S$€heme proposed by Alamouti [4]
for transmit diversity on the downlink. In the IEBB2.16e-2005 specifications, this scheme
is referred to as Matrix A. Originally, Alamoutitsansmit diversity was proposed to avoid
the use of receive diversity and keep the subscsitagions simple. This technique is applied
subcarrier by subcarrier and can be describedlasvio

x
81 5; — 71
81,89 — h2
—»T‘Q
8y — 8]

Figure 5 Schematic block diagram of Alamouti's transmit daity

Suppose thats(, s,) represent a group of two consecutive symbolsh& ihput data
stream to be transmitted. During a first symboliquet;, transmit (Tx) antenna 1 transmits
symbols; and Tx antenna 2 transmits symbsplNext, during the second symbol periad

Tx antenna 1 transmits symts,f and Tx antenna 2 transmits sym — Sl']. Denoting the

channel response (at the subcarrier frequencyrat)Heom Tx1 to the receiver (Rx) by
and the channel response from Tx2 to the receiyehyb the received signal samples
corresponding to the symbol periggsindt, can be written as:

r,=h;s;+h,s,+n, (8)
= hlsZD - h231D+ n, ©)
wheren; andn, are additive noise terms.

The receiver computes the following signals toneste the symbols; ands;:
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X = h1Dr1 -h, rZD = (lhl |2 + |h2 |2 )51 + h1Dn1 - hzr]zIj (10)

X, = bt + he'= (P + |, F s, + hon, + hing (11)

These expressions clearly show tRafresp.x,) can be sent to a threshold detector to
estimate symbad, (resp. symbos,) without interference from the other symbol. Moreg
since the useful signal coefficient is the sumhef $quared moduli of two independent fading
channels, these estimations benefit from perfemirmhorder diversity, equivalent to that of
Rx diversity under maximum-ratio combining (MRC).

Alamouti’s transmit diversity can also be combiwgth MRC when 2 antennas are used
at the receiver. In this scheme, the received kigamples corresponding to the symbol
periodst; andt, can be written as:

= hllsl + h1252 N, (12)
_ 0 0

o= hllsz - hlZSl +ng, (13)

for the first receive antenna, and

I = h21sl + hzzsz N, (14)
_ 0 0

Mo = h21SZ - hzzsl Ny, (15)

for the second receive antenna. In these expresh’pdesignates the channel response from

Txito Rxj, withi, j=1, 2, andnji designates the noise on the corresponding chaninisl.

MIMO scheme does not give any spatial multiplexgain, but it has 4th-order diversity,
which can be fully recovered by a simple receiver.

Indeed, the optimum receiver estimates the trafsthdymbolsS, and S, using:

X = h1*1"11 - h12r1*2 + h;1r21 - hzzrz*z
2 2 2 2 * « . . (16)
= th1| + |h12| + |h21| + |h22| )Sl + hllnll - h12n12 + h21n21 - h22n22

X2 = hIZrll + hllrl*2 + h;2r21 + h21r2*2
2 2 2 2 * * * *
= 0h11| + |h12| + |h21| + |h22| )Sl + h12n11 + h11n12 + h22n21 + h21n22

and these equations clearly show that the recéillgrrecovers the fourth-order diversity of
the 2x2 system. It is worth noting that the MRGhis scheme can be modified to take into
account the presence of some interferers and ttage toff diversity for interference
cancellation.

(17)

B. Spatial Multiplexing

-10 -
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The second multiple antenna profile included in \®X1systems is the 2x2 MIMO
technique based on the so-called maffix= (s, s)'. This system performs spatial
multiplexing and does not offer any diversity gdiom the Tx side. But it does offer a
diversity gain of 2 on the receiver side when detgaising maximume-likelihood (ML)
detection.

To describe the 2x2 spatial multiplexing, we orhi¢ time and frequency dimensions,
leaving only the space dimension. The symbols nittesd by Tx1 and Tx2 in parallel are

denoted ass; ands,, respectively. Denoting bhji the channel response from Tx0 RX]|
(i,j = 1, 2), the signals received by the two Rx ardsrare given by

ri=hys;+hy,s+n, (18)

r,=hy s, +hy,8,+n, (19)

which can be written in a matrix form as

r1 — hll h12 S1 + nl
r2

(20)
hyy hylls,
The ML detector makes an exhaustive search ovepassible values of the transmitted
symbols and decides in favor (ﬁl, Sz)which minimizes the Euclidean distance:

D( S 'Sz)z {lrl - hllsi - hlzszl2 + |r2 - h21sl - hzzszlz} (21)

The complexity of the ML detector grows exponettiakith the size of the signal
constellation, and this motivates the use of simgleboptimum detectors in practical
applications. Among those are [5], [14], [15]:

n,

1. Zero-forcing (ZF) detectors, which invert the chanmatrix. The ZF receiver has a
very small complexity that does not depend on tlegutation. However, it does not
exploit completely the system diversity and suffeosn bad performance at low SNR.

2. Minimum mean-square error (MMSE) detectors, whietiuce the combined effect of
interference between the two parallel channelsagiditive noise. The MMSE receiver
slightly improves the performance of the ZF receilbeit it requires knowledge of the
SNR, which can be impractical. Besides, it does exqtloit completely the channel
diversity either.

3. Decision-feedback receivers, which make a decisionne of the symbols and subtract
its interference on the other symbol based on dteatision. These receivers offer
improved performance when compared to ZF and MM&ieivers, but they are prone
to error propagation and still lack optimality, whimay lead to large performance
losses..

4. Sphere detectors, which reduce the number of synddaks used in the ML detector.
Note that this type of detectors may preserve agiiynwhile reducing implementation
complexity.

-11 -
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C. Comparison of MIMO Options

Since the AlamoutiiMRC scheme and the 2x2 spatialtiplexing scheme have a
diversity order of 4 and 2, respectively, the forméviously has better BER performance
when the same modulation and coding schemes ageindmth systems. Consequently, the
Alamouti/MRC scheme can use a higher-level moduteiti the two schemes are required to
give the same BER performance. Of utmost inteiest performance comparison between
the two MIMO schemes when they are used at the smeetral efficiency. (Note that the
Alamouti/MRC technique with a modulation schemasraitting2m bits per symbol has the
same spectral efficiency as the MIMO spatial midpg scheme with a modulation
transmittingm bits per symbol.)

We have made such a performance comparison usihiguncoded and coded systems
and different types of channels. Fig. 6 shows #seilts on an uncorrelated Rayleigh fading
channel when the Alamouti/MRC scheme uses 16-QAtItha spatial multiplexing scheme
uses QPSK (4 bits per symbol period in both casesan be observed that the ZF receiver
does not exploit the diversity of the spatial nplétking scheme and that the slope of its BER
curve is only half that of the ML receiver. The etimajor observation is that the slope of the
Alamouti/MRC scheme is twice as large as that ef $hatial multiplexing ML receiver,
which is due to the diversity factor of 4 for trerher and of 2 for the latter. These results,
originally reported in [16] and [17] are in agreamwith those reported in [18].

10" - A —=— Alamouti - 1634M - 2 Rx antennas
F o 7% Spatial multiplexing - GPSkK. - ZF receiver
""" .| —=— Spatial multiplexing - GPSK - ML receiver
10 [ : ' ;
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o
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Figure 6 Comparison of Alamouti/MRC with 2x2 spatial muleging

As predicted by the respective diversity gainsheftivo schemes, the results displayed in
Fig. 6 confirm that at high SNR values, the simplamouti/MRC scheme with 16-QAM

-12 -
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achieves better performance than the 2x2 spatidtiplexing MIMO system with ML
detection. This suggests that the best MIMO sché&mese in practice depends on the
channel SNR and the required throughput as webbrasther considerations such as the
interference cancellation capability.

To be more specific on the choice between the twh® profiles, we summarize in
Table | the modulation and coding schemes availabM/iMAX systems. (Note that the
table is restricted to the convolutional codingesubs included in the standard, and optional
interleaving and other coding schemes such as batitvoal turbo codes are not considered).
The spectral efficiency which appears in this tabléor single-antenna systems, and it is of
course doubled when spatial multiplexing is used.

Table 1: Constellations and convolutional coding schemesin WiMAX systems
Constellation QPSKQPSK 16QAM | 16QAM 640QAM 64QAM

Code rate e A s £ e £

Spectral efficiency
(bits/symbol) 1 15 2 3 3 4.5

In single-antenna systems, the throughput is opéchithrough link adaptation, which
selects a constellation and a code rate as a &umofi the channel. This concept is called
adaptive modulation and coding (AMC). The basi@igeto measure the channel quality (for
instance by estimating the received power or teived SNR) at the mobile station. If the
channel variations are sufficiently slow so thatythare essentially constant, the channel
quality measurement can be fed back to the baserstaith estimation error and delay that
do not significantly degrade performance. The Bi$tt@n adapt the modulation and coding
schemes to the channel and optimize the overalttgdeefficiency subject to some
performance criterion (for instance, the outagebpbdlity for a given packet error rate shall
be smaller than a predetermined value). Note thdicdted mechanisms such as the Fast
Feedback Channel have been incorporated spegffizalthe standard for the purpose of
doing link adaptation.

Fig. 7 illustrates the AMC concept when the perfange criterion is that the forward
error correction (FEC) block error rate (FBER) mbst smaller than 1D For different
combinations of the modulation and coding optiohg able I, the figure shows the SNR
thresholds above which the performance criteriomés. (The SNR thresholds are computed
for a system using MIMO matrix A at the transmittewo antennas with MRC at the
receiver, and the ITU Pedestrian Channel A cormeding to a speed of 3 km/hour.) For
instance, 16QAM with code rate 1/2 cannot be use®NR values below 7 dB, because it
yields an FEC block error rate greater thafi. lbove this threshold, the modulation meets
the performance criterion and leads to a specffialeacy of 2 bits per symbol. Further, the
figure shows that for SNR values exceeding 11dBAN can also be used with code rate
3/4 and this increases the spectral efficiency febtn 3 bits per symbol. Based on the SNR
thresholds shown, AMC consists of using the mothiatoding combination that leads to
the highest spectral efficiency. The figure sholat some combinations of modulation and
coding schemes are not useful on the consideratheh#or the performance criterion used.
For instance, it is meaningless to use 64QAM wittlecrate 1/2, because 16QAM with code
rate 3/4 gives the same spectral efficiency andaHagrer SNR threshold.
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Figure 7 Operating SNR thresholds for adaptive modulatiocsh @ding (ITU Pedestrian Channel A, speed = 3
km/h, FBER =107).

Returning now to the MIMO schemes in WIMAX systertige best way to handle them is to
add the MIMO dimension to modulation and coding, d arselect the best
MIMO/Modulation/Coding combination through link gutation. Fig. 8 depicts the 7 useful
combinations for link adaptation over a pedestiiiannel. Based on the results of this
figure, MIMO matrix B (spatial multiplexing) will & usable with 16QAM and code rate 3/4
at SNR values higher than 22 dB vyielding a speatffitiency of 6 bits per symbol.
Furthermore, at SNR values higher than 30 dB, gh&em can use 64QAM and code rate
3/4 leading to a spectral efficiency of 9 bits @mymbol. This represents a significant
increase of throughput compared to a MIMO matrisystem whose spectral efficiency is
limited to 4.5 bits per symbol. It should be pothtaut however that, in practice, the channel
correlation due to the small distance betweengheive antennas on the mobile station may
seriously affect these results, and more partibuthie Matrix B performance. Interference
can also significantly impact the performance todfiebetween Matrices A and B.
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Figure 8 Operating SNR thresholds for adaptive modulatiadirng and MIMO combinations (ITU Pedestrian
Channel A, speed = 3 km/h, FBERL™).

1.4 Summary and Conclusions

The Mobile WIMAX standard includes many differeeafures and options to make the
best use of the wireless channel characteristibesd include adaptive modulation and
coding, and multiple antenna (MIMO) techniques sashtransmit/receive diversity and
spatial multiplexing. In this paper, we first dissed the use of multiple antenna techniques
in a general context and the tradeoffs betweenrsitye multiplexing gain and interference
cancellation. Next, we described the two MIMO schenncluded in the mobile WiMAX
system specifications and analyzed their performamging the ITU pedestrian B channel
model with a pedestrian speed of 3 km/h and asgupeénfect channel state information and
uncorrelated channels. It was first observed thdigh SNR values, Alamouti's STC with
MRC at the receiver significantly outperforms SabMultiplexing when the two systems
employ modulation schemes leading to the same rgpesfficiency. Next, for different
modulation, coding and MIMO schemes, the SNR valeasing to a BER of I1dwere
computed and the achievable spectral efficiency SISR was plotted indication which
scheme can be used in which SNR region. The resdisated that MIMO Matrix A must
be used except at very high SNR values, where ¥Btrcan lead to an increased spectral
efficiency.
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